Abstract-Correlation and regression analysis of morphogenetic relationships between the hair cross section diameter and parameters of other layers of the hair follicle was performed. On the basis of these data, a com puter model of the hair follicle was developed, which, after entering the hair diameter or the cross section area makes it possible to obtain data on corresponding parameters of other layers of the hair follicle and their proportions. A model of induction of different layers of the hair follicle in the stable hair growth phase (anagen VI) is proposed, which is ensured by different concentration ranges of the main inductor (arranged as a concentration gradient from the follicle axis towards its periphery), which is produced by the cambium or connective tissue papilla. According to this model, the induction of some layers requires three additional contact actions of approximal layers: (1) outer sheath Henle layer, (2) inner sheath hair cuticle, and (3) hair cuticle inner sheath cuticle. The results extend the possibility of using the hair follicles as an experimental model in developmental biology.
INTRODUCTION
The hair follicle is one of the most popular model objects to study cell specialization, differentiation, and extinction of cellular activity during formation of its terminal structures. The importance of this model for the study of developmental processes hard to over estimate. Hair follicles and their derivatives are mor phologically relatively primitive but diverse in various mammalian species. Their number on a small skin flap is usually high, and they are readily available primarily for microscopic analysis [1] . Information on the struc ture and functions of these structures is obviously in demand in medicine and cosmetology, as well as in the practice of sheep and fur farming.
It is well known that the undifferentiated cells pro duced by the bulb cambium cells (matrix) shift to form several layers of cells differentiating into highly differ ent terminal structures. These are three layers of the hair shaft (medulla, cortex, and cuticle) and three lay ers of the inner root sheath (inner sheath cuticle, Henle layer, and Huxley layer). Hair shaft layers differ in the morphology of cells forming them and the com position of structural proteins (keratins, keratin like, and keratin associated proteins), whose number of different variants reaches several dozens [2] . Cells of the inner root sheath layers differ cytochemically from the neighboring cells of the cortex and cuticle of the hair but are relatively similar to each other in the com position of structural proteins. At the same time, the inner hair sheath layers are characterized by a well expressed heterochrony of protein synthetic processes. The protein synthesis rate in the cells of the Henle layer is greater and they are keratinized earlier than the cells of the cuticle and the Huxley layer. As a result, the Henle layer as a distinct morphological structure is identified in more proximal regions of the hair bulb compared to other layers. Despite significant advances in the cell biology of the hair follicle, to date there are no unambiguous answers to a number of fundamental questions of the hair follicle developmental biology. For example, it is unclear which factors determine the concentric rigid structure of the hair follicle and its derivatives as well as the characteristic differences in the thickness of concentric layers. We attempted to estimate the con tribution of cambial cells to the forming concentric structures of the hair follicle and hair shaft in follicles of different size functioning in the steady state mode.
MATERIALS AND METHODS
Skin biopsy specimens (2 × 2 cm) were taken, according to the conventional zootechnical practice, from the middle of the lateral surface of the body of hair sheep and fixed overnight in 10% formaldehyde. To obtain paraffin slices (5 µm) of skin fragments (8 × 8 mm), the plane of sections was oriented perpendic On micrographs, we measured the diameters of folli cles (Df) and their concentric structures (the inner sheath (Di), the hair shaft (Dh), and the hair medulla (Dm)) sliced immediately proximal to the site where the hair shaft is separated from the inner sheaf. Data were statistically processed using Statistica v. 6.0 (Stat Soft) and SigmaPlot (Systat) software.
RESULTS
It is known that a characteristic feature of the hair coat of domestic sheep is the long period of sustained hair growth (several years in fine fleeced sheep and several months in coarse haired sheep). During this period, no new follicles are formed, and the size of functioning follicles does not change for months under favorable (not stressful) management. Thus, the subject of the study was the previously formed set of follicles of different sizes (from 12 to 140 µm in diam eter). The diversity of sizes of follicles is determined by their heterochrony: large follicles were formed at ear lier stages of fetal development, and small were laid down later. The word "increase" used below in rela tion to follicles or concentric follicular structures characterizes the differences in the sizes of these struc tures but not their changes over time.
The obtained data shown that all distributions of diameters were characterized by a positive asymmetry, which increased for the parameters of the central structures of the follicle (Table 1) . A similar trend was observed for the kurtosis for the distributions of Di, Dh, and Dm but not Df. All the empirical distributions differed from corresponding normal and lognormal distributions.
The diameters of follicles and their concentric structures were positively correlated with each other with a high degree of significance (Table 2) . It seems reasonable to approximate the relations between the diameters of follicles and their concentric structures by polygonal lines (Figs. 1a, 1b, and 1c) . However, the ratios between the diameters of the outer sheath, the shaft, and the medulla of the hair (Figs. 1d, and 1e), as well as between the diameters of the shaft and the medulla of the hair (Fig. 1f) are better described by a simple linear dependence.
In accordance with the intercepts (b) of the first branch of regressions (Table 3) , the inner sheath appears in the follicles with a diameter of 11.4 ± 3.45 mm; the hair shaft and the medulla of the hair appear in the folli cles with a diameter of 19.0 ± 3.64 and 70.6 ± 1.96 µm, respectively.
The slope coefficients (a) of the first branch of regressions indicate that the diameter of follicles increases more rapidly than the diameters of the inner sheath, shaft, and medulla of the hair (Table 3; Figs. 1a, 1b, and 1c). The increase in the diameter of the inner sheath exceeds the increase in the diameter of the shaft and medulla of hair in a series of follicles increasing in diameter (slope coefficients of respective regression lines significantly differed at p = 0.002 and 0.006, respectively). However, the accretions of the shaft and medulla of the hair in this series should be regarded as equal (p = 0.557).
The coefficients of regression slopes combining Di, Dh, Di, and Dm values differed significantly (p = 0.002) (Table 3) . Therefore, as the diameter of the fol licle increases, the diameter of the inner sheath increases approximately 10% greater than the diame ter of the hair shaft and approximately to the same degree as the diameter of the hair medulla. The slope of the regression lines linking Dh and Dm is less than 1 (the upper limit of the 99.9% confidence interval for the coefficient is less than 1), which indicates that, in the series of increasing follicles, the increase in the diameter of the hair medulla exceeds the increase in the diameter of the hair shaft.
In accordance with the coordinates of the break points of regression lines (Figs. 1a, 1b, and 1c) , folli cles reach the maximum size that varies (in accor dance with the approximation errors) within a very wide range-from 105 to 220 µm. However, the rates of increase in the inner sheath, shaft, and medulla of the hair in such follicles are retained (Figs. 1d, 1e, and 1f) .
DISCUSSION
In the adult sheep skin specimen, we found numer ous hair follicles with a diameter of less than or approximately 70 µm with the hair shaft without the medulla. The follicles that contained only the inner sheath of the hair were not found in the adult sheep skin. It is known that, as the follicle grows during the primary development or regeneration (anagen stages I-V), the complexity of its structure increases. At the initial stages, the follicle comprises only the inner sheath cone. Later, as follicles grow, a thin styloid end of the hair without the medulla and later the hair with the medulla appear in their structure. The above regression analysis predicts that the inner sheath of the hair should appear in the follicles approximately 11 µm in diameter, and the shaft of the hair without the medulla should appear in the follicles approxi mately 19 µmm in diameter.
Thus, the increase in the size of the rudiment (cell mass) of the hair follicle is correlated to some extent with the increase in the differentiation diversity during its development. This phenomenon is a local reflec tion of the general onto and phylogenetic correlation of the cell mass of embryonic rudiment with the degree of complexity of the derivatives of this rudiment, whose numerous manifestations were noted earlier [3] . The existence of such correlations is evidenced, for example, by the temporary cessation of the forma tion of the medullar layer and a decrease in the diam eter of the bulb and hair in sheep in the winter season, with subsequent restoration of the medulla of the same hair under more favorable conditions [4] . It is also known that the hair bulb dysplasia induced by cyto statics is accompanied by the formation of the inner sheath without the hair shaft.
The data presented also indicate that the ratio of sizes (similarity, or proportions) of circular structures in follicles of different size changes due to uneven growth of both the follicle as a whole and each of its circular structure. Regression analysis data were used to create a predictive model that makes it possible to estimate the parameters of layers of the follicle (and, respectively, their ratios) on the basis of the only value-the hair root diameter. This program can be useful for assessing the quality of wool fibers.
In the follicles of different sizes, the increase in the diameter of the outer sheath is actually equal to the Tables 2 and 3. increase in the hair medulla and exceeds the increase in the hair shaft. Apparently, this phenomenon should be interpreted as allometry of follicles of different size. Moreover, consistent disturbances of linear propor tions, typical of small and medium sized follicles, are observed in the large follicles that reached the maxi mum size. It happens mainly due to the fact that the uneven increase in the diameter of inner circular structures remains the same.
In classical embryology, the idea of "positional information" as a tool for epigenetic regulation of gene activity in cells during the development of organ isms is well known and convincingly documented [5] [6] [7] . According to modern concepts, the morphotype and the cytochemical specialization of cells are ensured by the diversity of sets of expressed genes. Differential repression-derepression of gene activity, in turn, is induced by numerous transcription factors [5, 6] . Apparently, the effect of the rudiment mass is prede Table 3 . Parameters of linear relations connecting the follicle diameters (Df), the inner hair sheath (Di), the hair shaft (Dh), and the hair shaft medulla (Dm) in hair follicles termined by both the mass of cambial elements (stem cell number) in the rudiment and the reverse effects of differentiated structures, inducing more diverse differ entiations of progenitor cells.
The cascade of inductive relationships between the layers of the hair follicle can be represented as follows (Fig. 2) . During steady growth of hair, the connective tissue papilla or a group of cambial cells in the hair bulb (matrix) secrete a chemical agent-inductor 1 (I1), which determines the layered differentiation of proliferating cambial cells. The high concentration of I1 (at C > Th1) in the center (along the axis) of the hair follicle activates the "starter" set of transcription fac tors in the target cells and triggers an activation cas cade of the genes that ensure the differentiation of the hair shaft medulla. At lower concentrations (Th1 > C > Th2), I1 determines the cortex and cuticle of the hair, while it determines the morphotype of the inner sheath cells at concentrations not exceeding the threshold Th2.
The hair cuticle, the inner sheath cuticle, and the Henle layer of the inner sheath, unlike other circular structures of the follicle, are formed by a single row of cells bordering the cells of adjacent multirow layers, which differ in morphology and functional manifesta tions. Accordingly, to form the morphotypes of cells of the Henle layer and the inner sheath cuticle (com pared to the cells of the Huxley layer), as well as the hair shaft cuticle (compared to the hair cortex), the effect of a single inductor (I1) is apparently insuffi cient. For these structures, additional inductive (most likely, contact) interactions between the neighboring layers-the outer sheath (accompanying layer) (I3) and the internal sheath cuticle (I2)-should be assumed.
To induce the hair cuticle, a contact inductor I2 entering from the internal sheath is additionally required. The induction of the Henle layer requires a contact inductor I3 entering from the outer sheath. To induce the cuticular layer of the internal sheath, a contact inductor I4 entering from the hair cuticle is required.
CONCLUSIONS
(1) Normal variability in the hair diameter within the same skin area is accompanied by disproportion ation in the thickness of hair follicle layers; in the fol licles with thicker hair, the fraction of axial layers (medulla and the hair as a whole) is larger, whereas the fraction of more peripheral layers (inner sheath) is smaller.
(2) A model of induction of different layers of the hair follicle during stable hair growth is proposed, which includes the induction of multirow layers (medulla, hair cortex, and Huxley layer) based on dif ferent concentrations of a paracrine agent in the con centration gradient from the axis of the follicle to its periphery, as well as an additional contact induction of single row layers (Henle layer, hair cuticle, and inner sheath cuticle).
(3) The pattern of the concentration gradient of the inductor(s) that determines the proportions of layers in the cambium should depend on the absolute volume of the cambium.
